The influences of lattice strain on the superconducting critical current density J c and critical transition temperature T c in pure MgB 2 and a SiC-MgB 2 composite made by the diffusion process are explored, based on the thermal expansion coefficients and the low temperature effects on Raman scattering. The strong thermal strain provides a strong flux pinning force for the supercurrents at the interfaces between SiC and MgB 2 . The high T c of SiC-MgB 2 is also discussed according to the expanded lattice and Raman characteristics. MgB 2 shows great potential for application in superconducting coils due to its relatively high critical temperature, T c , which allows the use of simple and inexpensive cryocoolers. The improvement of critical current density in high magnetic fields depends on efficient pinning centers.
1 High crystal connectivity and high density are beneficial to T c and the critical current density J c , for MgB 2 bulks fabricated using the in situ diffusion process.
2 Doping nano-SiC particles into MgB 2 has been proven to be particularly effective in significantly enhancing J c , the irreversibility field, H irr , and the upper critical field, H c2 . [3] [4] [5] In contrast to chemical doping effects, tensile stress is believed to act as a source of strong flux pinning centers when there is no reaction between SiC and MgB 2 . Both the J c and T c are improved by thermal strain on the interface between SiC and MgB 2 during the diffusion process 2 and hybrid physical-chemical vapor deposition. 6 In this paper, microstructural analysis and Raman scattering measurements are employed to investigate the origin of the huge flux pinning force. The effects of the stress field on the flux pinning and electron-phonon coupling are discussed to explain the behavior of a high density SiC-MgB 2 composite made by the diffusion process.
Crystalline B (99.999%) powders, with and without 10 wt. % SiC particles, were mixed and pressed into pellets. The pellets were then put into iron tubes filled with Mg powder (99.8%). The atomic ratio of Mg to B was 1.15:2.0. Considering the time dependence of the diffusion process, sintering was conducted at 1123 K for 10 h under a flow of high purity argon gas to achieve fully reacted MgB 2 bulks. The SiC particles remained un-reacted and formed a composite with the MgB 2 in the SiC-doped sample, judging from the absence of Mg 2 Si in the x-ray diffraction (XRD) patterns. The Rietveld refinement results showed that the un-reacted SiC represented about 9.3 wt. %, which is about the same as in the precursor. This result is different from what is seen in SiC doped MgB 2 prepared by the usual in situ technique, 3, 7 in which only a very small amount of SiC remains, while Mg 2 Si is always present due to the reaction of Mg with SiC. For the present samples produced by diffusion, the a-and c-axis lattice parameters were 3.0850 Å and 3.5230 Å for the pure MgB 2 , and 3.0840 Å and 3.5282 Å for the SiC doped MgB 2 , respectively. The a-axis parameters are virtually equivalent for the two samples, whereas the c-axis parameter is slightly enlarged in the SiC-MgB 2 composite. In contrast, the a-axis parameter for the usual in situ processed SiC doped MgB 2 is reduced, while the c-axis parameter should remain unchanged. 3, 8 To explain the abnormal c-axis enlargement of the SiC-MgB 2 composite, the thermal expansion coefficients a of MgB 2 and SiC need to be considered.
2 It is reasonable to assume that both the MgB 2 and the SiC are in a stress-free state at the sintering temperature of 1123 K due to the relatively high sintering temperature over a long period of time. However, the lattice parameters are determined by the thermal strain during the cooling process. The a SiC decreases slightly from 5 Â 10 À6 /K at 1123 K to 2.5 Â 10 À6 /K at 0 K, whereas the a MgB 2 drops quickly from 1.7 Â 10 À5 /K at 1123 K to zero at 0 K. The normalized lattice strain is estimated to be À0.55% in SiC-MgB 2 along the c-axis at room temperature. The negative value corresponds to tensile strain in the MgB 2 . The large c-axis strain in the doped MgB 2 resulted in an enlargement of the c-axis parameter by 0.15% in comparison with pure MgB 2 . Figure 1 shows a transmission electron microscope image of an interface between SiC and MgB 2 . Based on the fast Fourier transform analysis, the interface is marked by a dashed line on the image. The right side is a SiC grain parallel to the [101] plane and the left side is an MgB 2 grain parallel to the [001] plane. This kind of interface will impose tensile stress along the c-axis in MgB 2 , which is responsible for the enlarged c-axis parameter of MgB 2 .
Based on the collective pinning model, 9 J c is independent of the applied field in the single-vortex pinning regime (low magnetic field region: H < H sb ), where H sb is the crossover field from single-vortex to small-bundle pinning. The J c decreases exponentially in the small-bundle regime (high magnetic field: H sb < H < H irr ). According to the dual model, 3 from the high level of C substitution on the B plane, which is responsible for the reduction of the self-field J c . 4, 5 However, the SiC-MgB 2 composite sample shows not only an improved in-field J c , but also no degradation in self-field J c , as indicated in Fig. 2 . The approximate H sb values are also indicated on the J c curves for 20 K and 30 K, although H sb has not been detected at 5 K due to the relatively high supercurrents. The in situ processed SiC doped MgB 2 normally shows a decrease in T c of 1.5 to 2 K, [3] [4] [5] but this present SiC-MgB 2 composite sample shows a small drop of 0.6 K, as shown in the inset of Fig. 2 . This phenomenon is attributed to the absence of any reaction between Mg and SiC, as well as the stretched MgB 2 lattice, as indicated by the XRD pattern. 6 To investigate whether the lattice strain is significant in SiC-MgB 2 during low temperature measurements to obtain M(H) and M(T) curves, Raman spectra were collected before and after the measurements with a confocal laser Raman spectrometer (Renishaw inVia plus) under a 100 Â microscope. The 514.5 nm line of an Ar þ laser was used for excitation. The Raman spectra for pure MgB 2 are shown in Figs. 3(a) and 3(b) to compare the cooling effects on the matrix. Both of the spectra have been fitted with three peaks: x 1 , x 2 , and x 3 .
10-12 Based on the previous results, x 2 is the reflection of the E 2g mode at the C point of the Brillouin zone in the simple hexagonal MgB 2 structure (space group: P6/mmm), while x 1 and x 3 come from the lattice distortion. The effects of x 1 are not discussed in the following analysis because of its small influence on the spectra. As indicated by the fitting parameters that are shown in Fig. 3 , both the peak centers and the full width at half maximum (FWHM) values show negligible differences before and after the low temperature measurements due to synchronic volume fluctuation. The weak temperature dependence of the Raman spectra for pure MgB 2 is in agreement with the results of Shi et al. 13 The x 2 peak of the Raman spectrum of SiC-MgB 2 before the low temperature measurement has shifted to the low frequency of 585 cm À1 , as shown in Fig.  4(a) . The FWHM of the x 2 peak increases from $200 cm À1 to 210 cm
À1
. Furthermore, the FWHM of the x 3 peak increases from $93 cm À1 to 125 cm
. The variations of both the Raman shift and the FWHM indicate the strong lattice strain in the SiC-MgB 2 composite. Figure 4(b) shows the cooling effect on the Raman spectrum of SiC-MgB 2 . The FWHM of the x 2 peak further increases to 228 cm
, and the frequency of x 3 peak shifts to 770 cm À1 . These results suggest that the stress field is very strong during the low temperature measurements in the SiC-MgB 2 composite. Considering the stable defect structures in the sample at room temperature and the measurement temperatures, the high J c performance is attributed to the thermal strain. Although the It should be noted that the broadened x 2 peak in SiC-MgB 2 is a signal of strong electron-E 2g coupling, which is responsible for the high T c in MgB 2 . The electron-E 2g coupling constant is estimated from the Allen equation:
, where C 2 is the x 2 linewidth, k E 2g is the strength of the electron-E 2g coupling, and N(0) is the density of states on the Fermi-surface, which is the only electronic property explicitly occurring in this equation. The measured phonon frequency and phonon linewidth, in the absence of anharmonic contributions, are simply and directly related to the electron-phonon coupling (EPC) constant, k E 2g . The total density of states at the Fermi energy, E F , in pure MgB 2 is taken as N(0) ¼ 0.354 states/eV/cell/spin, with the contribution from the r band being 0.15 and that from the p band being 0.204.
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N(0) is assumed to be constant for the small changes of electrons and holes in MgB 2 and SiC-MgB 2 . Taking the fitting values of the x 2 peaks with cooling effects, the k E 2g values for the pure MgB 2 and SiC-MgB 2 are 2.327 and 2.706, respectively. The k E 2g of SiC-MgB 2 is just slightly higher than that of the pure MgB 2 . However, the T c of SiC-MgB 2 is decreased slightly compared to that of the pure MgB 2 . The total EPC constants are degraded by the scattering effects of SiC impurities in the MgB 2 matrix, which can be estimated with the McMillan formula, 16 as modified by Allen and Dynes:
Â690 Á is the averaged phonon frequency, 18 with 390 and 690 cm À1 being the phonon frequencies of the other modes in the MgB 2 system, 19 l* is the Coulomb pseudopotential, taken as equal to 0.13, 20 and k is the total EPC constant. Using these values, k is calculated as 0.888 in pure MgB 2 and 0.886 in SiC-MgB 2 , respectively. Although the values are very similar, the k of MgB 2 is a little higher because of its low impurity scattering effects. The residual resistivity of SiC-MgB 2 is 16 lX Á cm, but it is just 12 lX Á cm for pure MgB 2 , due to the weak impurity scattering effects.
In summary, the thermal strain originating from the interface of SiC and MgB 2 is one of the most effective sources of flux pinning centers to improve the supercurrent critical density. The weak temperature dependence of the thermal expansion coefficient of SiC stretches the MgB 2 lattice as the temperature decreases. The thermal strain supplies much more effective flux pinning force than the interfaces and grain boundaries themselves. The low temperature effects on Raman spectra show very strong lattice stretch at the application temperature of MgB 2 , which benefits both the J c and the T c behaviors.
